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ABSTRACT 

Microstructures of as-cast Al-Zn-Mg alloys with and without Sc were investigated by optical microscopy , field 
emission scanning electron microscopy (FESEM) and energy dispersion spectrum analysis. The differential scanning 
calorimetry (DSC) is employed to identification the phase transformation phenomena through endothermic and 
exothermic reactions. The effects of Sc on the mechanical properties , recrystallization behavior and age-hardening 
characteristic of Al-Zn-Mg alloys were studied. The results show that the addition of Sc on Al-Zn-Mg alloy is capable of 
refining grains obviously. The addition of Sc can improve the strength considerably by strengthening mechanisms of 
precipitation and grain refinement. With the addition of Sc into Al-Zn-Mg alloy , the ageing process is quickened and the 
age-hardening effect is heightened. The precipitation of Al 3 Sc at different ageing temperatures gave significant additional 
hardening. The increase the strength and elongation in the alloys is related to the refine grain strengthening, 
precipitation particles strengthening and substructure strengthening principles. 
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INTRODUCTION 

The aluminium alloys (7xxx) having the greatest responses to age hardening are based on the Al-Zn-Mg 
system. Their excellent combination of low density and high strength make them very attractive materials for the 
transportation and aerospace industry [1-6]. When Al-Zn-Mg is aged to gain its high strength, heterogeneous 
precipitation occurs on the grain boundaries, making the alloy brittleness [7]. Scandium is sparingly soluble in 
aluminium in the solid state and supersaturated solid solution decomposes on ageing at elevated temperature, 
precipitating the Al 3 Sc (Ll 2 ) phase. Therefore, significant improvement in properties has been found for Sc 
additions in the range 0.2 to 0.6 wt% in present alloys [8]. In accordance with the heterogeneous nucleation theory 
[9], the refinement of the grain size of the cast metals is determined by the number of nuclei in melt as well as their 
nucleating effectiveness depends on the relationship between the lattice types and parameters of the particles and 
a(Al) matrix, while the similarity in lattice types plays an important role in grain refining. It was reported [10, 11] 
that eutectic reaction L — xx(Al) + Al 3 Sc at 655 °C exists in A1 side of Al-Sc binary system. The eutectic containing 
0.55% Sc have a maximum solution in aluminium of 0.35%. With Ll 2 type fee lattice (AuCu 3 structure) and 
a=0.4103 nm, similar to that of a(Al) (a=0.4088), Al 3 Sc may serve as heterogeneous nuclei during solidification to 
refine the grain size in as-cast structure. In general, the elements which have the lower solid solubilities in 
aluminium have the larger binding energies between the element and vacancies [12]. Therefore, the strengthening 
effect originates from the formation of fine and highly dispersed Al 3 Sc coherent precipitates during ageing that 
interact with moving dislocations, the formation of a recrystallization-resistant structure and the thermally stable and 
remain insoluble at high temperatures [13]. It is apparent that, the addition of minor Sc obtains equiaxed structure, 
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the dendritic structure and the second-phase within the grains disappears completely. In this work, the mechanism of the 
effect of Sc addition on grain refinement and enhance strength of Al-Zn-Mg alloy is investigated. 

EXPERIMENTAL PROCEDURE 

The six types of aluminium alloys were prepared by cast metallurgy with pure Zn, pure Mg and masteralloy Al- 
2%Sc. Basically, prepared alloys were 7xxx series of Al-Zn-Mg without and with Sc addition. The chemical composition 
was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) and atomic absorption 
spectroscopy (AAS) methods and results are shown in Tablet. The muffle furnace (±5 °C) was used to melt the alloys at 
780 °C. The melt was castin an air by a steel mould in plate shape (150x90x8 mm 3 ). The as-cast alloys were solution 
treated at 465°C/1 h then quenching in water. Then, the experimental alloys were kept in room temperature for seven days 
for natural ageing.Then, the artificial ageing was performed in tubular furnace (±2 °C) at different temperatures at 120 °C, 
140 °C and 180 °C respectively. The hardness was measured via Vicker’s hardness tester (Model: FIE VM 50) with 10 kgf 
load at different time intervals 5, 15, 30, 60, 120, 240, 360, 480, 600, 720, 960 and 1200 min. The hardness values were 
recorded immediately after ageing and continued for 20 h at above interval. The metallographic specimens were examined 
under optical microscope after etching with a modified Keller’s reagent (2.5 ml HN0 3 +1.5 ml HC1+1 ml HF+ 95 ml 
water). The as-cast samples were analyzed by electron probe microanalysis (EPMA) with EDS to examined segregation on 
grain boundary. The ageing kinetics was determined using hardness measurement. The activation energy (E a ) was 
determined using Arrhenius equation. The second-phase precipitation was revealed by field emission scanning electron 
microscopy (FESEM) with EDX. Information on the phase transitions through endothermic and exothermic reactions 
occurring was obtained by differential scanning calorimetry (DSC), using a nitrogen atmosphere and a constant heating 
rate of 10 °C/min. Before, DSC the alloys were solution treated then aged at 140 °C/6 h. Tensile samples were taken from 
the as-cast plates. Tensile specimens having 5 mm gauge diameter and 25 mm gauge length were tested using Instron 
tensile testing machine at a tensile speed of 1 mm/min at RT. The as-cast grain size was measured by the mean 
linearintercept method. 


Table 1: Chemical Composition of Studied Alloys (in wt %) 


Alloy Nos. 


Chemical Composition 



Zn+Mg 

Zn/Mg Ratio 


Zn 

Mg 

Sc 

Si 

Ft 

A1 



Alloy- 1 

6.65 

2.9 

- 

0.03 

0.01 

Balance 

9.55 

2.30 

Alloy-2 

6.95 

2.8 

- 

0,04 

0.03 

Balance 

9.75 

2.48 

Alloy- 3 

10.33 

3.9 

- 

0.04 

0.02 

Balance 

14.23 

2.65 

Alloy-4 

6.7 

2.8 

0.20 

0.02 

0.04 

Balance 

9.50 

2.39 

Alloy- 5 

6.6 

3.81 

0.39 

0.01 

0.02 

Balance 

10.41 

1.73 

Alloy- 6 

5.93 

2.9 

0.45 

0.10 

0.19 

Balance 

8.83 

2.04 


RESULTS 

The as-cast alloys chemical composition are determined by ICP-AES and AAS methods, is shown in Table 1. The 
optical micrographs of the studied alloys are shown in Figure 1. Coarsened as-cast grains, dendritic structures and severe 
segregation can easily be observed in the Alloy- 1 and Alloy-2 without Sc addition [Figure l,a-b]. While, the Alloy-3 is 
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very high Zn+Mg content to eliminate grain boundary segregation and dendritic structure. Therefore, can obtain fine grain 
structure [Figure 1, c]. On the otherhand, minor Sc can significantly refine the as-cast grain in the Alloy-4 to Alloy-6. In 
the Alloy-4 minor Sc (0.2%) addition cannot refine dendritic structure but for Alloy-5 and Alloy-6 dendritic structure 
completely disappeared to obtain fine average grains sizes of 35.7 pm and 28.8 pm respectively [Figure l,(e-f)]. After 
solution treatment, the alloys [Figure 2,(a-d)] exhibits obvious equiaxed recrystallized micro structure and homogenization 
of solute concentration in the matrix. The EPMA spot analysis reveals grain boundary segregation of solute atoms in the 
as-cast Alloy-2 and Alloy-5 [Figure 3, (a-b)]. Similarly, FESEM with EDS analysis of as-cast Alloy-2 and Alloy-5 exhibits 
grain boundary segregation of impurity elements [Figure 4, (a-b)]. The artificial ageing has carried out to all six present 
alloys to following temperatures at 120 °C, 140 °C and 180 °C respectively [Figure 5, (a-c)]. The ageing kinetics has been 
characterized by Vicker’s hardness measurement and activation energy. The activation energy (E a ) has been calculated by 
Arrhenius equation by plotting ln(AHV) versus 1/T, the slope of the linear regression fitting is shown in Figure 6(a,b) of 
Alloy-6 and Alloy- 1. The values of activation energies of studied alloys are shown in Table 2. Similarly, the DSC analysis 
implies precipitation and dissolution of metastable and stable phases in Alloy- 1 and Alloy-5 at heating rate 10 °C/min in 
nitrogen atmosphere [Figure 7, (a-b)]. The detailed analysis of DSC data indicates that compositional variations of studied 
alloying elements have significantly effects the on the formation and dissolution of GP zones, r|, fj and T phases [in Table 
3]. The mechanical properties and grain size of studied as-cast alloys are shown in Table 4. 



Figure 1: All Optical Micrographs are as- Cast Condition: (a) Alloy- 1, 
(b) Alloy-2, (c) Alloy-3, (d) Alloy-4, (e) Alloy-5, (f) Alloy-6 
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DISCUSSIONS 

In this work, it is important to mention that although the Al-Zn-Mg alloys has been widely studied due to the 
excellent mechanical properties reached after age hardening, because of the precipitation which occurs through a complex 
sequence of formation of Guinier-Preston (GP) zones during the decomposition of the supersaturated a-Al solid solution, 
involving the metastable rj phase and the stable rj phase, and as a result of the combination of both low density and high 
strength have made aluminium alloys the primary materials to be used in the aircraft and automotive industries [14]. 
Furthermore, age hardening is a function of Zn:Mg ratio to influence both the ageing kinetics and final micro structure. The 
Zn:Mg ratio control the Zn-bearing constituents. When this ratio over two is formed r|(MgZn 2 ), with lower ratios formed 
T(Al 2 Mg 3 Zn 3 )[15,16]. If the Zn:Mg ratio is too high, another equilibrium phase, Mg 2 Znn, can also disappear [17]. The 
grain refining effect of scandium in aluminiumalloys is caused equally by two factors: a large number of nuclei in the form 
of the A1 3 Sc particles in a unit of melt volume and high effectiveness of the inoculate action of these particles. Scandium is 
classified among the 3d transition metals and its reaction with aluminium has particular interest [18]. In general, the 
elements which have the lower solid solubilities in aluminium have the larger binding energies between the element and 
vacancies. Especially, since the transition element Sc have quite low solubility only 0.35wt% at eutectic point (0.55 wt% 
Sc) in Al-Sc phase diagram, then they are considered to have large binding energy. In addition, they also have quite low 
diffusivity in aluminium. Once the transition elements capture the large amount of vacancies due to their large binding 
energies, they suppress the free migration of vacancies because they diffuse fairly slowly, thatis, the transition elements 
decrease the number of vacancies which contribute to diffusion in the matrix phase and suppress the diffusion rates in the 
matrix [19, 12]. 



Figure 2: All Optical micrographs are Solution Treated and Water quenched: 
(a) Alloy-2, (b) Alloy-3, (c) Alloy-5, (d) Alloy-6 
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Figure 3: EPMA Spot Analysis of as-Cast Condition: (a) Alloy-2; (b) Alloy-5 


The common feature of Al-Zn-Mg alloy is prone to grain boundary segregation of solute elements, which has 
shown in EPMA spot analysis of as-cast Alloy-2 and Alloy-5 [in Figure 3], respectively. The concentration of elements 
decrease from grain boundary to grain interior. Therefore, the homogenization treatment is required to eliminate severe 
dendritic segregation in as-cast alloys. Generally, the relationship between the diffusion coefficient and the temperature can 

be described as: D= D 0 exp (— ) ... (1), Where, D 0 is the diffusion coefficient; R is the mole gas constant, Q is the 
diffusion activation energy; T is thermodynamic temperature [20, 21]. Precipitation of Al 3 Sc may take place at the 
temperature for the solution heat treatment of Al-Zn-Mg alloys. The Al 3 Sc particles formed under this condition, normally 
termed dispersiods, giving a strong contribution to the alloy strength. However, it is frequently found the Al 3 Sc dispersoids 
are very effective in impeding the movement of grain boundary in the materials. This leads to a good recrystallization 
resistance and the high temperature stability of the Al-Zn-Mg alloys. The effectiveness of the dispersoids will depend on 
the size, spacing and distribution. The effectiveness of a dispersoid distribution in preventing recrystallization can be 

fy 

qualified by the calculating the average pinning pressure of the dispersoids, according to Zener pinning equation: Z = k(— ) 
..(2), where, f is the volume fraction of dispersoid particles, y the energy of the boundary that the dispersoids are pinning, r 
the mean dispersoid radius and k is a scaling factor. At a critical value of the f/r ratio, the Zener pinning will become 
sufficient to overcome the driving force or boundary migration and recrystallization will be stalled [22, 23]. Thus, the 
volume fraction f of Al 3 Sc precipitates at the t can be calculated from f = (C 0 - C)/(C P - C e ), where C p is the Sc 
concentration in the Al 3 Sc phase and C 0 is an initial Sc concentration, C e is the solid solubility of Sc in the A1 matrix and C 
is the solute concentration in solid solution at time t. Also, precipitate number density N v of the Al 3 Sc precipitates can be 
calculated from N v = 3f/(47ir 3 ), r is the average precipitate radius at ageing time t. For each ageing temperature, C rapidly 
decreases at the initial stage of ageing and, over a time, a linearity is observed between C and t 1/3 [24, 25]. The as-cast 
microstructures are shown in Figure l(a-f). The dendrites are separated by the coarse phases. The white regions are a(Al) 
and black regions are eutectic form an almost continuous network with broaden grain boundaries as shown in Sc-free 
alloys in Figure l(a-c). Simultaneously, adding of minor Sc can greatly refine the as-cast grain and eliminate dendrites 
gradually as increased Sc content in Figure l(d-f). 
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Figure 4: FESEM Micrographs and EDS Analysis of as-Cast Condition: (a) Alloy-2; (b) Alloy-5 


During solution treatment [Figure 2, (a-d)] homogenisation occurred, segregation eliminate and alloys become 
supersaturated solid solution and Al 3 Sc particles entered into solid solution and later stages take part as strengthening 
mechanism or hardening mechanism so far. At this stage, supersaturated solid solution, vacancy creation had occurred 
which accelerate ageing phenomena of later stages. During strengthening mechanism solute particles, dislocation- vacancy 
interaction and Al 3 Sc particles dispersion wereplayed active role in this stage. In Figure 4(b) FESEM micrograph with 
EDS analysis shows Sc concentration of Alloy-5. Similarly, EDS analysis of Figure 4(a,b) indicates high percentages of 
impurity elements Fe and Si, which are detrimental property for ductility and toughness of present alloys. In the Al-Zn-Mg 
age-hardenable alloys GP zones, r\ transition phase, r|(MgZn 2 ) and T(Al 2 Mg 3 Zn 3 ) stable phases are forming. However, the 
structure and composition of the metastable and stable precipitates are strongly dependent on the alloy composition and on 
the ageing temperature. Further, Sc addition makes it harden due to fine grain and fine dispersion particles which have 
forming during decomposition of the supersaturated solid solution. An ageing at 120 °C [26], main hardening phase is GP 
zones and solid solution hardening. In ageing curves, peak hardness achieve within two hours in ageing treatment. But Sc 
added Alloy-6 shows highest hardening effect in among the ageing curves. Because, due to Sc addition accelerate GP 
zones formation with Al 3 Sc dispersoids impede the recrystallization effect of this Alloy-6. Second highest hardening effect 
shows Alloy-3, due to high Zn+Mg content to solid solution hardening [Figure 5, (a)]. 
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Figure 5: Variation in the Vicker’s Hardness with Ageing Time t for the 
Alloys Aged at: (a) 120 °C; (b) 140 °C and (c) 180 °C 


Similarly ageing at 140 °C, only Alloy-3 shows highest hardening effect due to high solute content. Remaining, 
alloys could not able to show much hardening effect due to overageing stage comes earlier to form stable rj phases [Figure 
5, (b)]. Similar trend observe an ageing at 180 °C, only Alloy-3 shows highest hardening effect due to high solute content, 
rest of the alloys fall under overageing stage [Figure 5, (c)]. The activation energy of precipitation can be measured by the 
following the changes the hardness with temperature and using the Arrhenius relationship, i.e., AHV=AHV 0 exp (-E a /RT). 
By plotting ln(AHV) vs. 1/T, the slope of the linear regression fitting will be -E a /R, and the constant AHV 0 can be 
calculated from the intercept with the vertical axis of the linear regression line[ Figure 6(a,b)] [27, 28]. The activation 
particles which have forming during decomposition of the supersaturated solid solution. The activation energy values were 
in general found to increase with increasing ageing t, time for Sc content Alloy-6. While, the activation energy values were 
found lower in without Sc content Alloy- 1 [Figure 6(b)]. Due to Al 3 Sc particles and greater difficulty of migration of 
dislocations in the presence of dispersoids may higher activation energy achieved for Sc addition Alloy-6 [Figure 6(a)] . 


0) 


*Ea=-3.40 kJmoU = 



0.0021 0 . 00:2 0.0023 0.0024 0.0025 0.0026 


(b) 

6 

5 2 
> 5.6 
! ^ * 
i 52 
$ 
42 
4.6 
0 


+Ea™- 1 5 12 kJ/ffl of t= 2 h 
■ Ea=- 17 .70 kJ/fliof t= 10 h 


1 y = 2129 k + 0.2116 
R a = 0.6713 



* ym 1 S 97 .Sk + 0.7375 
R z = 0 6416 


002 ] 0.0022 0 0023 0.0024 0.0025 0-0026 
J/T(*KS 


Figure 6: Activation Energy Graphs of: (a) Alloy- 1, (b) Alloy-6 


www.tivrc.ors 


editor @tjprc. org 


72 


P. K. Mandal 


Table 2: Activation Energy E a (kj/mol) Values Obtained from plots of in (AHV) vs 1/T 


Alloy Nos. 

Ageing Time t (Hours) 




2 

6 

10 

16 

20 

Alloy- 1 

-3.40 

- 0.63 

-0.89 

-1.83 

-0.67 

Alloy-6 

- 15.78 

- 17.34 

- 17.70 

-21.45 

-22.98 


Precipitation kinetics in present alloys has been studied by DSC analysis. There two alloys are DSC examined, for 
Alloy- 1 (no Sc content) and Alloy-5 (with Sc content) both the curves shows six numbers of endothermic and endothermic 
peaks throughout the run at 10 °C per min in nitrogen atmosphere. The phase transformations of present 7xxx series alloys 
mainly involve the formation and dissolution of GP zones, rj, r\, T and Al 3 Sc phases. The balance properties of 7xxx alloys 
can be optimized by micro structural modification via alloy compositional changes and heat treatment [29] . Since, both the 
alloys are aged at 140 °C for 6 h to formation of r\ precipitates to precursors of GP zones and rj and T phases. For Alloy- 1 
[Figure 7(a)] in DSC curve at point A (5.6 pW, at 206 °C) formation of rj phase because as age-hardening phenomena is 
formed at 150 to 220 °C range. This is very stable phase and incoherent with the matrix. At point B (4.73 pW, at 257 °C) 
and C (3.6 pW, at 416 °C) as trend indicates dissolution of rj phase as temperatures increases. Similarly, point D indicates 
T phase formation and point E indicates T phase dissolution and peak F shows again formation of T phase at around 580 
°C at 3.8 pW. 



Figure 7: DSC Curves (Solutionized and Aged at 140 °C/6 h) at 
Heating Rate 10 °C/min: (a) Alloy-1, (b) Alloy-5 


For Alloy-5 [Figure 7(b)] contents Sc to shows anti-recrystallization effect with Al 3 Sc dispersoids at higher 
temperature treatment, as shown in DSC run. Similar trend can observe as like Alloy- 1 and point F shows larger peak at 
around 590 °C at 3.85 pW for Alloy-5 [Table 3]. The tensile properties and as-cast grain size are shown in Table 4. 
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Table 3: Identification of the Main Effects in DSC Curves of Alloy-1 and Alloy-5 


Effects 

A 

B 

C 

D 

E 

F 

Alloy-1 

T] formation 

T[ dissolution 

T| dissolution 

T formation 

T dissolution 

T formation 


jj dissolution 






Alloy-5 

tj. Alj Sc formation 

it[ dissolution 

T : Alj Sc formation 

TdtMvduUo.n 

T dissolution 

T : Alj Sc formation 


^dissolution 







Table 4: Results of Tensile Properties and Grain Size Measurement in as-Cast Condition 


Alloy nos 


As-Cast Conditi 

on 



Grain 

Si:z e (iimj 00..2 (MPa ) 

On CMPa) 


All oy- 1 

35.2 

50.5 

180.7 

2.33 

Alloy- .2, 

36.5 

52.5 

196.9 

2.197 

All oy-3 

3 1.3 

49.0 

166.2 

2.52 

Alloy-4 

30.1 

42.5 

225.6 

3.80 

Alloy- 5 

3 5.7 

5S.S 

245.7 

3.78 

All oy-6 

28.8 

40.0 

3 02.1 

7.10 


N.B: yield strength denoted at 0.2% offset from stress-strain curve. 

The 0.2% proof stress also marginally increased to indicate good ductile nature of present alloys. The tensile 
strength and ductility of the Sc content alloys are higher than the without Sc content alloys. The increased Sc level has led 
to improved ultimate tensile strength and ductility by reducing the volume fraction of the eutectic phases, as well as by 
fining the grain size [30, 6]. The strengthening mechanism is considered as fine grain strengthening, substructure 
strengthening and dispersion strengthening by Al 3 Sc [31,2]. 

CONCLUSIONS 

• In the as-cast state the hardness of the supersaturated solid solutions increases with increasing Zn and Mg content 
due to the solid-solution hardening. Moreover, age-hardening is a function of Zn:Mg ratio to influence both the 
ageing kinetics and final micro structure. When this ratio over two is formed ri(MgZn 2 ), with lower ratios formed 
T(Al 2 M g3 Zn 3 ). 

• In ageing curves, peak ageing achieved within two hours. As ageing progresses, the distance between precipitates 
is more increased, dislocations bowing are become easier and the hardness is more decreased. 

• Thus, minor Sc addition can make the peak ageing arriving earlier for Al-Zn-Mg alloys. Secondary Al 3 Sc 
particles strongly pin sub-boundaries and retard emergence and growth of subgrains, namely substructure 
strengthening. 

• The addition of Sc can retard the recrystallization of the Al-Zn-Mg alloys, increase the recrystallization 
temperature and significantly refine the recrystallization grains. The reason is the fine Al 3 Sc particles anchor the 
dislocations and the subgrain boundaries, hinder the recombination of the dislocations and the motion of the 
subgrain boundaries, and so delay the nucleation and growth of the subgrains. 

• The presence of Sc resulted in an accelerated formation and growth of r\ particles, which led to a more rapid 
increase in the hardness at early stage of ageing at 120 °C. 


www.tivrc.ors 


editor @tjprc. org 


74 


P. K. Mandal 


• The maximum activation energy (E a ) has been found out of 22.98 kJ/mol for Al-Zn-Mg-Sc alloy at 20 h ageing 
time. 

• The DSC analysis has been carried out to identification of the precipitation and dissolution of metastable and 
stable phases of aluminum alloys. 

• The ultimate tensile strength of Al-Zn-Mg-Sc alloys increased gradually as increase Sc content in as-cast 
condition due to the effect fine dispersion of Al 3 Sc precipitates, sub-grain and fine-grain strengthening. 
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